A potential way of deriving soil databases uses quantitative data sources, such as satellite data and digital elevation models (DEM). These data sources and the derived soil maps will have all the advantages of quantitatively derived databases, including consistency, homogeneity, and reduced data generalization and edge-matching problems.
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A-horizon depth, solum depth, E-horizon presence or absence plan curvature CTI 63-68% 20-meter Bell et al. (1992) Soil drainage classes slope, slope-curvature ratio, elevation above local stream, slope gradient to local stream, distance to local stream, distance to local drainageway 74% 30-meter Bell et al. (1994) A-horizon and carbonate depth slope gradient, curvature, drainage path, specific catchment area, elevation, wetness index, stream power, drainage proximity, accumulated flow 51-44% 10-meter Moore et al. (1993) A-horizon thickness, organic matter content, pH, extractable P, and silt and sand contents.
slope and wetness indices~50% 15.24 m Thompson et al. (1997) Profile Darkness Index (representing hydromorphic features) slope gradient, profile curvature, elevation above local depression
65%
Gessler et al.
C and soil mass flow direction, flow accumulation, slope gradient, profile and plan curvature, CTI 52-88% 2, 4, 6, 8, 10 m
Chaplot et al.
soil hydromorphy elevation above the stream bank, the slope gradient, the specific catchment area, and the compound topographic index~8 0% 10, 20, 30, 50 m King et al. (1999) Presence of a noncalcareous clay-loam (NCCL) horizon slope gradient and slope aspect 52% 20 m Thomas et al. (1999) Soil types altitude, slope, aspect, profile and plan curvature, distance to the thalweg 70-55% 50 m Sinowski and Auerswald (1999) Hu et al. (1997) Soil moisture passive microwave Leone and Sommer (2000) Underlying lithology, calcium carbonate content, organic matter, and texture high resolution laboratory reflectance spectra Galvao et al. (1997) DEMs with the same spatial resolution of 1 km have been obtained from the GTOPO30 database maintained and distributed by the U.S. Geological Survey's EROS Data Center. In the first phase, a set of digital terrain variables were derived, including slope, relief, aspect catchment area, curvature, planar curvature, profile curvature, compound topographic index and stream power index. Due to the limited performance of most of these variables, a new terrain variable, the potential drainage density (PDD), has been developed and tested for small-scale terrain characterization.
Integrated AVHRR-terrain databases were formed, and one multiband image for each of the study areas with the 5 bands and NDVI of the composite images within the time series and with the terrain variables derived from the DEM were created. These three images were classified to create the thematic soil map.
Numerous image processing methods were compared and evaluated, including Principal Component Analysis (PCA), Discriminant Analysis Feature Extraction (DAFE), and Decision Boundary Feature Extraction. Also, a number of classification methods were evaluated, including Maximum likelihood with equal and unequal class weight, Minimum distance, Fisher linear discriminant, and a spectral-spatial classifier called ECHO.
Training samples were collected from point databases (soil profile databases) with known soil properties and coordinates. The accuracy and performance of the classifications were tested using independent test samples from other existing small and medium scale databases (1:250,000 to 1:1,000,000). Coefficients of multiple th WCSS, 14-21 August 2002, Thailand 649-5 determination (R 2 ) were calculated to statistically characterize the soil-AVHRR and soil-terrain variable correlation.
A separate study of the use of DEM-derived terrain variables for the delineation of SOTER terrain units was carried out within the Midwestern United States study. The aim was to create a quantitative methodology for translating the delineation procedure of the SOTER manual to digitally executable functions. Five terrain variables have been derived from the DEM, the absolute elevation, relief intensity, slope percentage and the dissection (PDD). All of these variables were reclassified into thematic classes based on the SOTER manual criteria. These thematic images were overlaid with each other to form the final SOTER units. However, this kind of classification rarely results in distinct borders between the classes, which would be necessary to define the polygons via overlying and uniting the thematic terrain attribute layers. Thus a different approach, the "maximum-class frequency" (Figure 1 ) was used to refine the classes. Instead of using the terrain variable classes of each of the pixels, the frequency of each class within a 50 pixel area circle were calculated. These layers were then overlaid and a new layer was formed, with each pixel being assigned the class with the highest frequency among the frequency layers.
For more details on any part of the methods, please find the papers of Dobos et al. (2000 Dobos et al. ( , 2001 and Dobos (1998) .
Results and Discussion

Soil-AVHRR-Terrain statistical relationship
The Coefficients of Multiple Determination (R 2 ) were calculated for each of the AVHRR bands, NDVIs and for the terrain attributes to statistically characterize their relationships with soil classification units of three different classification system: Soil Map of the World -Revised Legend, Soil taxonomy and the Hungarian soil classification system. The R 2 values representing the soil-AVHRR relationship were generally low, but due to the relatively low inter-band correlation -particularly the between-dates correlation -the use of multi-temporal AVHRR databases provide promising results for soil mapping. This is evident on the satellite composite images, where the information is combined from multiple image dates, and shows a pattern with recognizable similarity to the known soil distribution. The R 2 values ranged between 0.018 and 0.362. The highest values occurred for the NDVI layers and for the Band 3 (thermal). The NDVI values are related to the type and condition of the vegetation and give the best correlation in early fall. The thermal band is related to the environmental temperature, which is a function of the macroclimate, current weather situation, terrain and the physical properties of the soil. The acquisition dates with the highest R 2 values are generally in early fall or at the beginning of the growing period.
Significant differences occurred when the major soil groupings and the Soil Orders were compared. Stronger correlations were found for the major soil grouping categories than for the Soil Orders. This result reflects the major differences between the classification approaches of the two systems. The Order level of Soil Taxonomy has much broader classes. For example, the Mollisol class splits into three FAO classes, the Phaeozem, Chernozem and Kastanozem classes. Class frequency layer for Class "n"
Creating an layer stack from the n class frequency layers
Creating the maximum frequency value composite of the class frequency layers
Maximum class frequency layer
Replacement of the maximum class frequency value with the corresponding class code th WCSS, 14-21 August 2002 , Thailand
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The R 2 values were also calculated for eleven terrain attributes. The values ranged from 0.002 to 0.265. The most informative attributes in descending order were the elevation, relief intensity, slope, PDD and curvature. The aspect, catchment area, SPI and CTI layers had much smaller values. The low performance of these variables can be explained by the flatness of the area. The majority of the study area is flat as represented with the coarse resolution DEM, so the aspect had no practical meaning for at least three-quarters of the area. The SPI and CTI have similar problems. These would work much better for a hilly or mountainous environment where the changes in curvature, slope, and slope positions are more relevant and informative. In the equations of these two variables the slope appears as a multiplier or divisor. For these flat areas the regional slope (calculated from the 1 km resolution DEM) is often 0, so the SPI and CTI variables return with a 0 or a division by 0 statement.
Terrain variables in general are very important for soil mapping. Although, the terrain variables derived from the low-spatial-resolution-DEM do not show strong correlation with the soil classes, they represent a useful input for digital soil mapping procedures, particularly for areas with variable landscape. PDD and curvature often help to characterize areas with low relief intensity, but are not likely to explain the majority of soil variation alone. Terrain information needs to be complemented with other data sources like satellite data, which is often the major data source for pattern delineation. The use of an integrated satellite-terrain database is one of the key factors of a successful digital soil mapping project.
Deriving soil information
Many previous studies have indicated that remotely sensed data are not significantly sensitive to the scene variability associated with the physiographic characteristics of the study area. An interpretation of the confusion matrices of the classified data revealed that AVHRR data do not fully represent soil variability associated with terrain position. The results clearly show that the soil classes on the mountain slopes are less accurately representative of reality. These soils, however, show vertical zonality. Soils showing vertical zonality can be characterized more clearly using integrated AVHRR and terrain data. Soils on a relatively level land often show similar vertical zonality defined by the depth to the groundwater. This vertical zonality, however, works on a much smaller scale. On the Hungarian study site each soil from the mountainous region covers an area of a hundred or a few hundred meters in elevation, while on the level land the change in soil type occurs within only a few meters of elevation. This scale difference requires a different approach of handling. The absolute elevation with the aspect can characterize well the mountain soil zonality, while on the level land these functions are almost useless. Instead, a new function, the potential drainage density (PDD) was used simultaneously with the two functions mentioned above. This function is designed to highlight relative terrain differences even on a relatively level land surface. On a physiographically complex area, where both level lands and mountains occur, this integrated terrain descriptor database should be used together with AVHRR to achieve an acceptable result. With the use of integrated AVHRR-terrain data, the accuracy percentages increased dramatically. The 500 and 1000 meter images had a very good performance with a range of 67-99 percent correctly classified pixels in mountain soil classes, such as the Brown forest soil with clay illuviation, Ramann-type brown forest soils and Chernozem-brown forest soils. th WCSS, 14-21 August 2002, Thailand 
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Similar increases were found in the cases of the level land soils, such as the Meadow and Chernozem soils.
The correlation studies have indicated that neither the AVHRR, nor the terrain variables alone can explain high percentage of soil spatial variation. Both data sources require other kinds of information to explain a significant portion of the spatial variation. In order to maximize the model performance, integrated AVHRR-digital terrain databases were created and classified. The evaluation of the preprocessing algorithms proved the importance and positive impact of the training-class-based linear transformation on the final results. A significant improvement on the overall classification performance can be achieved with the use of the DAFE algorithm. Another major conclusion was the importance of using class weights. Even an average gusss based on expert knowledge can result in increases of the classification accuracy. The most reliable classifiers use the maximum likelihood method. The Fisher linear discriminant classifier should be used for small training sample size cases, while the maximum likelihood classifier works better in those cases with many training samples or the class distribution and class statistics are very well estimated.
The results of all three case studies indicated the great potential of the AVHRRTerrain data for soil characterization. Visual inspection of the final maps shows that the major soil regions have been correctly labeled. No areas with significant extent were found to be allocated to classes which are unlikely to occur in a particular region. There is a certain likelihood that pixels in the image have been misclassified, but the authors believe that those were classified to closely related classes. Assuming no significant over representation of any of the classes, this method could possibly average out the potential misclassifications, and result in a reliable soil association being assigned to the SOTER-unit.
Delineation of the SOTER Units
The spatial delineation of soil-landscape units in a quantitative manner is a promising use of the use of digital data sources. Although it sounds simple and evident to use DEM and DEM-derived terrain variables for soil-landscape unit identification, the application of these data sources and the tools of the raster and Grid based GIS is still far behind its potential. There is a lack of appropriate procedures for translating the "analog standards" of the commonly used terrain characterization protocols into quantitative procedures. The aim of this study was to translate the SOTER terrain unit (SU) delineation procedure to a quantitative approach. SU were created from the combination of the slope, relief intensity, dissection and hypsometry layers. A major limitation of combining the four base layers was the "salt and pepper" appearance of the classes in the classified terrain layers, in which many pixels are different from their neighbors. The minimum SU area is 25 km 2 , which for these data is represented by 25 contiguous pixels. Thus, the single pixels or small groups of less than 25 pixels are not large enough to form a SU and need to be dissolved into their dominant neighbor. A similar problem arises from the definition of the SU boundaries in gradually changing transition areas. A new approach, the "maximum class-frequency," was introduced and was used for all four layers. The dominant class was assigned for each area. The resulting layers had well defined, clear borders, and were used to form the final SU system by spatially overlaying and uniting them. th WCSS, 14-21 August 2002, Thailand 649-9 In general, in level areas the PDD layer has the strongest influence on the locations of SU boundaries, while for the rest of the study area, the relief intensity and the PDD layers together dominate the SU system.
Summary and Conclusions
A new, quantitative method and data sources for characterizing small-scale soil resources has been demonstrated in this paper. AVHRR and coarse spatial resolution DEM were designed for mapping large areas of the world quickly and cost effectively. The method combines digital elevation data, "ground truth" information including the soil taxonomic class for measured soil locations, and a time series of satellite images to form a digital soil database. The results show that using ancillary information such as AVHRR data and DEM derivatives from the national to continental level surveys is among the most promising tools for geographers and soil surveyors. The AVHRR data is often used for land cover studies but its usefulness in soil studies has not yet been proven. This study is a representative example of the usefulness of AVHRR data for characterizing the soil-forming environment and delineating soil patterns, particularly when integrated with other data for describing the soil landscape, such as the DEM, slope, curvature and PDD. The predictive power of AVHRR and similar low spatial resolution satellite data sources could be further improved with the development of soil sensitive filters. Mention should be made of the potential improvement of the products derived from these data sources with the use of better quality data provided by satellites that have been launched recently (Vegetation and MODIS).
Neither the AVHRR nor the DEM-derivatives show high correlation with the soil classes, but both represent a great portion of the environmental variability. In general, the more uncorrelated information we can extract from DEM and AVHRR, the better explanation of the spatial soil variability can be achieved with an integrated use of them. The images of AVHRR time series show a relatively low correlation, thus each of the new dates adds much potential information on the soils. The studies also highlighted the great help of surface vegetation in soil remote sensing, as indicated by the high R 2 value of Band 1 and NDVI. The importance of the short-term weather history of the study area was also demonstrated.
Terrain information and terrain variables were primarily developed for large-scale local studies. Small-scale mapping of large regions presents different issues, like overgeneralization and over-smoothing of the soil information. The terrain features with smaller extents are dissolved into a larger neighborhood. As a smoother terrain map is created, a lot of detail is lost and less variability is observable. Many of the terrain attributes are useless with this approach. Elevation, slope, relief intensity, potential drainage density and the curvature variables are the most informative digital variables for characterizing the soil-landscape in small scale inventories.
The resulting soil databases will have all the advantages of quantitatively derived databases, including consistency, homogeneity, and reduced data generalization and edge-matching problems. Although the results from the above procedures are believed to be accurate enough to serve as a basis for global and regional studies, they should be checked and further revised by local and regional experts to ensure quality. Research should continue on improving the procedures, augmenting the pedon data with new field sampling, and incorporating new image and DEM data sources.
